Anisotropic II-VI semiconductor nanostructures are important photoactive materials for various energy conversion and optical applications. However, aside from the many available surface chemistry studies and from their ubiquitous photodegradation under continuous illumination, the general chemical reactivity and thermal stability (phase and shape transformations) of these materials are poorly understood. Using CdSe and CdS nanorods as model systems, we have investigated the behavior of II-VI semiconductor nanorods against various conditions of extreme chemical and physical stress (acids, bases, oxidants, reductants, and heat). CdSe nanorods react rapidly with acids, becoming oxidized to Se or SeO 2 . In contrast, CdSe nanorods remain mostly unreactive when treated with bases or strong oxidants, although bases do partially etch the tips of the nanorods (along their axis). Roasting (heating in air) of CdSe nanorods results in rock-salt CdO, but neither CdSe nor CdO is easily reduced by hydrogen (H 2 ). Another reductant, n-BuLi, reduces CdSe nanorods to metallic Cd. Variable temperature X-ray diffraction experiments show that axial annealing and selective axial melting of the nanorods precede particle coalescence. Furthermore, thermal analysis shows that the axial melting of II-VI nanorods is a ligand-dependent process. In agreement with chemical reactivity and thermal stability observations, silica-coating experiments show that the sharpest (most curved) II-VI surfaces are most active against heterogeneous nucleation of a silica shell. These results provide valuable insights into the fate and possible ways to enhance the stability and improve the use of II-VI semiconductor nanostructures in the fields of optics, magnetism, and energy conversion.
■ INTRODUCTION
II−VI semiconductor nanostructures are among the most hyped materials to date. Photophysics studies of CdSe, CdS, and so forth have blanketed the scientific literature for the past 30 years, and numerous applications in energy conversion devices (photovoltaics, light-emitting devices, etc.) have followed. In comparison, we know relatively little about the general chemical and thermal stability of low dimensional II−VI semiconductors. What little we know comes mostly from surface chemistry studies or from indirect observations related to the apparent instability and photodegradation of these materials under continuous illumination, as described in many photocatalytic studies.
Semiconductors (SC) are known to undergo photoinduced oxidative etching and degradation under continuous illumination, 1, 2 often in detriment of their photocatalytic properties. 3−10 Photocatalytic reactions tend to occur under relatively harsh, oxidative, reductive, acidic, or basic conditions, contributing to the degradation process. 11−13 Amine-passivated, wurtzite CdSe platelets photodegrade faster than carboxylate-passivated, zincblende CdSe nanoplatelets.
14 Nanocrystals with incompletely passivated surfaces degrade the fastest. 15 Photopassivation, photooxidation, and photointroduction of defects occur in CdSe/CdS dot-in-rod nanoparticles. 16 Ways to prevent semiconductor photodegradation include hole scavenging with stoichiometric reagents such as sulfide (S 2− ). 17 Additive-free methods include metal (M) and metal-oxide modification: SC−M heterostructures are more robust to photodegradation than unmodified SCs 18, 19 likely because of electron-transfer between the SC and M components. 20−22 Decoration of CdS nanorods with MFe 2 O 4 (M = Zn or Co) also results in photochemically stable and magnetically recyclable photocatalysts. 23, 24 Beyond these numerous straightforward photocatalytic observations, relatively little is known about the general chemical and thermal stability, degradation, and reactivity of semiconductor nanorods in the presence of different reagents or extreme conditions. Tributylphosphine shortens the length of CdSe nanorods, nanowires, and tetrapods through axial etching. When accompanied by photoirradiation, tributyphosphine and primary amines decrease nanocrystal diameter. 25 Encapsulation in dendron boxes makes CdSe/CdS core/shells more stable against H 2 O 2 , HCl, and UV irradiation in air and mild heating under vacuum. 26 Aminosilane modification improves the chemical stability of ZnO nanorods in HCl solution. 27 Roasting (heating in air) of GaP nanocrystals produces Ga 2 O 3 hollow particles, nanorods, or nanotubes depending on the specific heating rate and final heating temperature. 28 Roasting of GaN results in single-crystalline β-Ga 2 O 3 nanowires and zigzag nanostructures. 29 Heating and adding acids corrode GeSe 4 glasses to produce Se nanoparticles. 30 In the case of metals, it is known that the chemical and thermal stability of nanogold correlates with nanoparticle size and morphology. 31, 32 Gold nanorods undergo anisotropic chemical dissolution (axial etching) when treated with cyanide and are selectively shortened when treated with oxygen in HCl solution. 33 Small aspect ratio silver nanorods are unstable in air and light likely because of photooxidation. However, Ag nanowires are relatively stable under similar conditions. 34 Low dimensional nanostructures undergo melting and other phase transformations at much lower temperatures than their bulk counterparts. Examples include ZnO nanorods (750°C) versus bulk ZnO (1976°C), 35 CdSe nanorods (460−470°C) versus bulk CdSe (1239°C), Ge nanowires (650−800°C) versus bulk Ge (930°C), 36 Cu nanowires (450°C) versus bulk Cu (1083°C), 37 and RuO 2 nanorods (600−650°C) versus bulk RuO 2 (1200°C). 38, 39 Additional relevant examples based on detailed thermal stability analyses have been reported for CdSe, 40, 41 CdS and SnS nanocrystals, 42−44 CdSe/CdS octapods, 45 PbS nanorods, 46 Au nanorods, 47, 48 Au-tipped CdS nanorods, 49 and layered inorganic (II−VI)−organic (ethylenediamine) nanostructures. 50 Beyond experiments, molecular dynamics (MD) simulations predict heating-induced formation of anisotropic CdSe nanostructures at 600−1000 K. 51 MD simulations also predict that the melting point of Ni nanorods decreases with diameter regardless of length. MD simulations on Pd, Au, Zr, Ni, and Ti nanowires are also available. 52 Several surface chemistry studies have used X-ray photoelectron spectroscopy (XPS) to probe the inorganic−organic interface of nanosized II−VI semiconductors under a variety of conditions. XPS studies showed that CdO and SeO 2 form on CdSe quantum dot surfaces, particularly under illumination. 53 25 In the majority of these cases, the new surface species were either produced in very small amounts or were amorphous and, thus, were undetectable by X-ray diffraction (XRD). Phase and shape transformations of the whole nanocrystals under similar or even more extreme conditions were not usually addressed.
In view of the perceived lack of substantive and systematic reports on the chemical and thermal stability of II−VI semiconductor nanocrystals, and because of their great importance and widespread interest and applicability as photoactive materials for optics, magnetism, and energy conversion, we decided to study their overall stability in detail. In this paper, we specifically focus our attention on one-dimensional (1D) nanocrystals (nanorods) of CdSe and CdS as model systems.
■ EXPERIMENTAL SECTION
Materials. Selenium (99.999%), cadmium oxide (99.998%), sulfur (99.999%), tetramethylammonium hydroxide (Me 4 NOH) (98%), and diphenylpropyl phosphine (DPP) were purchased from Alfa Aesar; octadecylphosphonic acid (ODPA) was purchased from PCI Synthesis; 1-octadecene (ODE) (90%) was purchased from Acros Organics; trioctylphosphine oxide (TOPO) (99%), n-butyllithium (1.6 M in hexanes), tetraethyl orthosilicate (TEOS) (98%), Igepal CO-520, and ammonium hydroxide (NH 4 OH) (28 wt %) were purchased from Aldrich; trioctylphosphine (TOP) (97%) was purchased from Strem; hydrochloric acid, nitric acid, potassium permanganate, hydrogen peroxide (30% w/w), sodium hydroxide, ethanol (200 proof), and hexane were purchased from Fisher. All chemicals were used as received unless specified otherwise.
II−VI Nanorod Synthesis. CdSe nanorods, CdS nanorods, and compositionally graded, CdS 0.4 Se 0.6 drumstick-like nanorods were made by literature procedures (see Supporting Information).
59−62
Chemical Reactivity Studies. Acids and Bases. Freshly made and purified CdSe nanorods (15−20 mg) (in some cases, CdS nanorods, see Supporting Information for details) were allowed to dry overnight. Twenty milliliters aqueous 4 M acid (HCl or HNO 3 ) or 4 M base (NaOH or Me 4 NOH) was added, and the mixture was stirred for 3 days at room temperature (RT). Warning: Acid digestion of CdSe could potentially release H 2 Se, which is highly toxic. These and similar reactions should be carried out inside a fume hood with other appropriate engineering controls and while wearing personal protective equipment.
Oxidants: KMnO 4 . Freshly made and purified CdSe nanorods (15− 20 mg) were allowed to dry overnight. Twenty milliliters aqueous 0.2 M KMnO 4 was added, and the mixture was stirred for 3 days at RT.
Oxidants: H 2 O 2 . Freshly made and purified CdSe nanorods (15− 20 mg) were allowed to dry overnight. Ten milliliters aqueous 30% w/w H 2 O 2 was added, and the mixture was stirred for 1 day at RT. Two additional additions of 5 mL aqueous 30% w/w H 2 O 2 each were added after 1 and 2 day reaction, and stirring continued for a total of 3 days at RT.
Oxidants: O 2 (Air). Freshly made and purified CdSe nanorods (15−20 mg) were allowed to dry overnight, placed in a combustion boat and inside a tube furnace (Lindberg 55035). Air, dried through a Drierite tube, was passed (60 mL/min) while heating to 350, 500, or 600°C at a rate of 10°C/min and was kept at this temperature for a period of time (see below).
Reductants: H 2 . Freshly made and purified CdSe nanorods (or CdO) (15−20 mg) were allowed to dry overnight, placed in a combustion boat and inside a tube furnace (Lindberg 55035). H 2 (20% v/v in Ar) was passed (60 mL/min) while heating at a rate of 10°C/min (see Supporting Information).
Reductants: n-BuLi. Ten milliliters CdSe nanorod solution (optical density ∼0.69 at λ = 650 nm) in ODE was added to a three-neck round-bottom flask and was degassed under dynamic vacuum at 80°C for 20 min. The flask was refilled with argon and was heated to a given temperature (25, 100, or 300°C), n-butyllithium (0.5 mL in 0.5 mL ODE) was injected, and the mixture was stirred for 1 h.
Silica Coating. CdSe or CdS 0.4 Se 0.6 nanorods were washed once with a mixture of toluene and methanol (1:5 v/v ratio).
CdSe/SiO 2 . Three milliliters CdSe nanorod solution (6 × 10 −5 M in hexane), 0.8 g Igepal CO-520, and 9.5 mL hexane were mixed and stirred at room temperature (RT) for 30 min. Then, 0.1 mL aqueous NH 4 OH (28% w/w) was added, and stirring continued for 15 min. Next, 0.1 mL TEOS was added, and the solution was further stirred for 1 h. Particles were precipitated by adding 10 mL methanol and were centrifuged 5 min at 5000 rpm. Particles were redispersed in 5 mL ethanol and were centrifuged 5 min at 10 000 Relative centrifugal force (rcf); this washing procedure was repeated once.
CdS 0.4 Se 0.6 /SiO 2 . A 0.1 mL CdS 0.4 Se 0.6 nanorod solution (2 × 10 −2 M in toluene), 0.8 g Igepal CO-520, and 12.5 mL hexane were mixed and stirred at RT for 30 min. Then, 0.1 mL NH 4 OH (28% w/w) was added, and stirring continued for 15 min. Next, 0.1 mL TEOS was added, and the solution was further stirred for 1 h. Particles were precipitated by adding 10 mL methanol and were centrifuged 5 min at 5000 rpm. Particles were redispersed in 5 mL ethanol and were centrifuged 5 min at 10 000 rcf; this washing procedure was repeated once.
Optical Characterization. Absorption spectra were measured with a photodiode array Agilent 8453 UV−vis spectrophotometer. Solvent absorption was subtracted from all spectra. Steady-state photoluminescence (PL) spectra were measured with a Horiba-Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector.
Structural Characterization. X-ray Diffraction. Powder X-ray diffraction (XRD) data were measured using Cu Kα radiation on a Rigaku Ultima U4.
Transmission Electron Microscopy (TEM). TEM was conducted on carbon-coated copper grids using an FEI Tecnai G2 F20 field emission scanning transmission electron microscope (STEM) at 200 kV (pointto-point resolution < 0.25 nm, line-to-line resolution < 0.10 nm).
Particle Analysis. Dimensions were measured manually or with ImageJ. Size measurements and particle statistics were obtained for at least >100 particles. Average sizes are reported along with ±standard deviations.
Thermal Stability Studies. Variable Temperature (VT) XRD. Variable temperature (RT to 700°C) XRDs were measured under an inert atmosphere (He or Ar) using Cu Kα radiation on a Philips PANalytical XRD. Individual XRD peak widths at half-maximum intensity (fwhm, denoted β) were measured by modeling the experimental data using Origin or KaleidaGraph. The results were used to calculate single crystalline (ordered) domain sizes (τ) along the main crystallographic directions using the Scherrer equation, τ = K × λ/(β × cos θ), where the shape factor K was assumed to be 0.9, λ is the X-ray wavelength (Cu Kα = 0.154 nm), and θ is the diffraction (Bragg) angle.
Differential Thermal Analysis (DTA). DTA was performed using a PerkinElmer DTA 7 on ∼20 mg samples at a heating rate of 10°C/min. Thermogravimetric Analysis (TGA). TGA was performed using a PerkinElmer TGA 7 on ∼0.5 mg samples and at a heating rate of 10°C/min.
■ RESULTS AND DISCUSSION
Reactivity of II−VI Semiconductor Nanorods against Acids: Chalcogenide Oxidation. We began our investigation by probing the reactivity of CdSe nanorods against common acids, specifically HCl and HNO 3 (eq 1, Table 1 entries 1 and 2) . Powder X-ray diffraction (XRD) shows that, after 3 days stirring with 4 M HCl at room temperature (RT), the main crystalline product is elemental selenium (Se 0 ), although some CdSe remains (Figure 1a) . Transmission electron microscopy (TEM) reveals that the newly formed Se 0 is made of elongated nanoparticles with a rodlike morphology; however, these Se 0 nanorods (282 ± 118 nm × 20 ± 8 nm) are significantly larger than the original CdSe nanorods (18 ± 2 nm × 7 ± 1 nm) ( Figure 1b and Table 1 ). Optical spectroscopy shows that the absorption fine structure and band edge photoluminescence (675 nm PL) characteristic of the original CdSe nanorods disappears within the first 12 h of reaction, strongly suggesting that chalcogenide oxidation (from Se 2− in CdSe to Se 0 ) occurs relatively fast (Figure 1c) . When we used HNO 3 instead of HCl, we observed a very similar behavior. However, the more oxidizing HNO 3 acid leads to the formation of crystalline SeO 2 in addition to Se 0 , as evidenced by powder XRD (Figure 1a and Figure S1 of the Supporting Information). partial axial etching, that is, along the 002 set of planes ( Figure 2 and Figure S2 of the Supporting Information). In XRD, this is evident by a decrease in intensity and a widening of the 002 diffraction peaks relative to the 100 and 110 peaks (Figure 2a and Figure 3) . TEM confirms that, upon treatment with 4 M NaOH, the diameter of the CdSe nanorods stays the same (5 ± 1 nm), but their length decreases somewhat (from 20 ± 2 nm to 17 ± 2 nm) ( Figure 2b and Table 1 ). Both NaOH and Me 4 NOH result in similar partial etching; however, Me 4 NOH also results in the formation of small amounts of crystalline Se 0 and CdO, while NaOH does not (Figure 2a and Figure S2a of the Supporting Information). Interestingly, this base-induced, axial etching does not affect the absorption band edge of the CdSe nanorods, confirming that their diameter remains unchanged; however, the relative photoluminescence (PL) intensity decreases by about 1 order of magnitude likely because of the introduction of surface defects (Figure 2c ).
Chemistry of Materials
Relative Stability against Oxidants. To our surprise, CdSe nanorods appear to be relatively stable in the presence of strong oxidants such as KMnO 4 or H 2 O 2 (eq 3, Table 1 entries 5 and 6). There are no significant changes in the powder XRD, TEM, or absorption and emission spectra of CdSe nanorods after stirring for 3 days over 0.2 M KMnO 4 at room temperature (RT) (Figure 4 and Table 1 ). Likewise, using H 2 O 2 (30% w/w) under similar conditions does not change or impact the original crystalline structure (XRD), morphology (TEM), or absorption onset of the CdSe nanorods, although the relative PL intensity decreases significantly ( Figure S3 of the Supporting Information). This may be due to surface chemistry effects, undetectable by XRD but previously observed by XPS, such as the formation of amorphous or small amounts of CdO and SeO 2 . Roasting. At elevated temperatures, CdSe nanorods react with oxygen from air to produce polycrystalline (bulk) CdO. As shown in Figure 5 , CdSe particles are relatively stable up to 350°C under air for long periods of time (see thermal stability discussion). However, all hexagonal (wurtzite) CdSe diffraction peaks narrow with continued heating, and a new set of peaks indexing for rock-salt CdO appears at 600°C. This transformation, which is complete after a few hours at 600°C, closely resembles the roasting process used to isolate group II metals from II−VI chalcogenide ores (eq 4, Table 1 entries 7 and 8). Roasting is commonly used in extractive metallurgy and is followed by reduction of the metal oxide (II−O) over hydrogen gas. In our case, we find that the polycrystalline CdO made by roasting CdSe nanorods does not easily react with a stream of H 2 (even at 300°C for 4 h, Figure 5 ). Reactivity against Reductants. We also explored whether CdSe nanorods react with two common reducing agents, hydrogen and n-butyllithium. Upon treatment of CdSe nanorods with hydrogen gas (H 2 /Ar) at 500°C, XRD shows a narrowing of the individual diffraction peaks, indicating an increase in particle size (see Figure S5 of the Supporting Information). However, CdSe remains as the only crystalline material, and there is no evidence of reduction, much like in the aforementioned CdO case (eq 5, Table 1 entry 9). In contrast, CdSe nanorods react with n-butyllithium at 300°C to form metallic Cd 0 (eq 6, Table 1entry 10). The sharpness of the peaks in the XRD pattern indicates that the Cd 0 product is made up of large particles ( Figure 6 ). Using reaction temperatures lower than 300°C either did not enable reduction or resulted in incomplete reduction. The overall reactivity of CdSe nanorods against different common acids, bases, oxidants, and reductants is summarized in Scheme 1. provided that the sample is maintained in an inert atmosphere (Ar or He). This is not immediately surprising because the melting temperatures reported for polycrystalline (bulk) CdSe and CdS are 1268 and 1750°C, respectively. Nevertheless, nanostructured materials are well-known to melt at temperatures well below those reported for their polycrystalline (bulk) counterparts (see above), 35−39 and II−VI nanorods are no exception; variable temperature (VT) or hot stage powder XRD data reveal orientation-selective melting and nanoparticle coalescence at temperatures as low as 300 and 500°C, respectively. Figures 7 and 8 show stack plots of VT XRDs, individual diffraction peak widths, and corresponding single crystalline domain sizes obtained using the Scherrer equation for CdSe and CdS nanorods. At room temperature (RT), the nanorodlike morphology of the wurtzite (hexagonal) nanocrystals is evident by looking at how sharp the 002 XRD peak, corresponding to planes along the axial direction, is in comparison to all the other, much wider peaks, particularly the orthogonal 100 or 110 directions (see Figure 3) .
Careful inspection of how the peak widths (Figures 7b and 8b ) and single crystalline domain sizes change with temperature (Figures 7c and 8c) shows that II−VI nanorods respond to heating in three well-defined stages (Scheme 2): (i) Annealing:
Heating between RT and 200°C increases the single crystalline domain size along (perpendicular to) the 002 planes by 1−5 nm. This is most likely due to the extrusion of defects and the elimination of stacking faults along the axis of the nanorods. 47, 48, 63 Interestingly, the longer and higher aspect ratio CdS nanorods show the steepest annealing. 100, 002, 110, and 112 peaks narrowing faster than the 101, 102, and 103 peaks (Figure 7c ). In contrast, coalescence occurs at similar rates along all crystallographic planes in the case of CdS nanorods before reaching a plateau at around 700°C (Figure 8c ).
We were surprised that the change from selective axial melting to particle coalescence occurs at very similar temperatures (ca. 500°C) for both CdSe and CdS nanorods. To better understand this, we conducted differential thermal analysis (DTA) and thermogravimetric analysis (TGA) on both samples (Figure 9 ).
The first DTA heating cycle shows two clear endothermic transitions: (first) A large and well-defined endotherm peaking at 500−510°C that we ascribe to axial melting, thus lowering the aspect ratio of the nanorods and in accordance with our XRD observations above. Interestingly, the longer and higher aspect ratio CdS nanorods show the steepest axial melting endotherm. (second) A broader, less defined endotherm between 580 and 730°C that we ascribe to particle coalescence. As expected, these two melting transitions are irreversible because after they occur, the resulting particles are much larger and are expected to melt at higher temperatures (closer to bulk). Consequently, the second DTA heating cycle shows that the samples no longer melt at these temperatures (≤700°C).
Critically, TGA analysis shows that the first endotherm (500−510°C) is coupled to a significant mass loss of 20−30% for both CdSe and CdS nanorods. Given that the same TOP (bp = 445°C), TOPO (bp = 411°C), and ODPA (bp = 463°C) ligands are coating both samples, we conclude that axial melting is a ligand-dependent and not a material-dependent process. This suggests that the aspect ratio and degree of anisotropy of the nanorods can only be maintained as long as the particles remain encased by the passivating layer of organic ligands on their surface.
Probing the Effect of Curvature: Silica Coating. The selective axial melting behavior observed above prompted us to more closely examine the role of surface curvature on the reactivity and (in)stability of II−VI nanorods. We were particularly drawn to the base-catalyzed hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in the presence of II−VI nanorods. 64−69 As shown in Figure 10 , this process results in the heterogeneous nucleation of silica (SiO 2 ) shells on top of CdS x Se 1−x nanorods. 70 When CdSe is used (x = 0), SiO 2 nucleates starting from the two tips of the nanorods at similar times (concomitantly) (Figure 10a and Scheme 3a). However, when axially anisotropic, drumstick-like CdS 0.4 Se 0.6 nanorods are used, SiO 2 first nucleates starting from the thinner, CdS end of the nanorods, followed at a later coating stage by slower nucleation from the thicker, CdSe-rich end of the nanorods (Figure 10c and Scheme 3b).
■ CONCLUSION
In this paper, we investigated the general (but relatively unknown) chemical reactivity of II−VI semiconductor nanorods with an emphasis on CdSe nanorods. Acids (HCl and HNO 3 ) Lower reaction temperatures than 300°C result in incomplete reduction or in no reduction at all. Along with their chemical reactivity, we explored the thermal stability and effect of curvature on the stability of II−VI semiconductor nanorods (CdSe and CdS). Variable temperature (VT) XRD studies showed that II−VI nanorods respond to heating in three stages: (i) annealing, (ii) axial melting, and (iii) coalescence. Furthermore, thermal analysis experiments (DTA and TGA) of CdSe and CdS nanorods showed that axial melting is not reliant on the type of inorganic crystalline material but on the ligands coating its surface. Ligands coating the nanorod surface help maintain their anisotropy and specific aspect ratio. In view of this axial melting behavior, we looked at the effect of curvature on the activity of II−VI nanorods: For example, heterogeneous nucleation of SiO 2 on regularly shaped CdSe nanorods starts at both tips at the same time, while heterogeneous nucleation of SiO 2 starts from the thinner CdS-rich tip of axially anisotropic CdS 0.4 Se 0.6 nanorods (drumsticks). A better and more systematic understanding of the chemical reactivity and general stability of II−VI semiconductor nanostructures may greatly help in furthering their application to photocatalysis, photovoltaics, optics, and light-emitting devices.
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